INTRODUCTION 47
Fluid exchange and the entry of circulating cells and macromolecules into central 48 nervous system (CNS) tissues is regulated by the blood-brain barrier (BBB), a specialization 49 of the neurovasculature (11). While the loss of BBB integrity is often associated with 50 pathological changes in the CNS tissues (1, 12, 25) , transiently increased BBB permeability 51 can be therapeutic. An example is when immune effectors are delivered to CNS tissues to 52 clear an infection with the attenuated rabies virus (RV) strain CVS-F3 (21). The clearance of 53 this virus from the CNS of 129/SvEv mice occurs without signs of disease and is associated 54 with enhanced BBB permeability which is largely restricted to the cerebellum (21). The 55 absence of this beneficial enhancement of BBB permeability can lead to a CNS infection 56 becoming lethal as is evidently the case for infection with the highly pathogenic silver-haired 57 bat associated RV (SHBRV) (23), the virus that is currently responsible for the majority of 58 human deaths from rabies in the United States and Canada (18). Despite the normal 59 development of RV-specific immunity in peripheral lymphoid organs, increased BBB 60 permeability and immune cell invasion do not occur in the CNS of SHBRV-infected 129/SvEv 61 mice (23). Consequently the virus is not cleared and the animals die (23). 62
However, by comparing infection of various mouse strains a prior study has demonstrated that 70 survival from rabies virus infection is correlated with the level of virus neutralizing antibody 71 (VNA) produced (17). In these studies, SJL mice developed the highest serum VNA titers but 72 resistance to lethal infection proved to be MHC independent (16), suggesting that the extent 73 of antigen-specific immunity may not be the primary determinant of survival. 74
The SJL background has been associated with blunted hypothalamus-pituitary-adrenal 75 (HPA) axis activity (2). The HPA axis regulates the production of corticosteroids and other 76 steroid hormones, such as dehydroepiandrosterone (DHEA) , that have a variety of functions 77 in different tissues (5, 9, 30). With respect to immunity, corticosteroids are generally anti-78 inflammatory (3, 20), therefore it may be for good reason that mice with an SJL background 79 are extensively used in experimental allergic encephalomyelitis (EAE) studies (2). In addition, 80 DHEA treatment has been demonstrated to inhibit CNS inflammation in an SJL model of 81 EAE (10). This raises the possibility that, rather than elevated anti-viral immunity, the 82 deregulation of CNS inflammation due to reduced HPA activity may be responsible for the 83 resistance of SJL-derived mice to lethal infection with rabies virus. In this investigation we 84 first tested this hypothesis by comparing antiviral immunity, BBB permeability changes, CNS 85 inflammation, and virus clearance in PLSJL and 129/SvEv mice infected with SHBRV. To 86
MATERIALS AND METHODS 93
Animals and virus infection. 129/SvEv and PLSJLF1/J (PLSJL) mice were purchased from 94 Taconic (Germantown, NY) and Jackson laboratories (Bar Harbor, ME), respectively, and 95 used at 8 to 10 weeks of age. Mice were infected with SHBRV-17 (SHBRV), a pathogenic 96 strain originally isolated from human brain tissue and expanded via multiple passages in 97 neonatal mouse brain (8) via intradermal route in both ears with 10 4 focus forming units of 98 virus as has been previously described (23). All procedures were carried out according to the 99 protocols approved by the Institutional Animal Care and Use Committee of Thomas Jefferson 100
University. 101 102
Measurement of serum antibody titers. Levels of RV-specific total immunoglobulin-103 gamma (IgG) in sera from control and experimental mice were assessed by Enzyme Linked 104
Immunosorbent Assay (ELISA) as described previously (7). Briefly, 96-well plates (Nalge 105 Nunc International, Rochester, NY) were coated with UV-inactivated RV (5µg/ml) and 106 antibodies captured from serially diluted samples of sera were detected using peroxidase-107 conjugated anti-mouse IgG (Sigma). 3,3',5,5'-Tetramethylbenzidine dihydrochloride 108 substrate (Sigma) supplemented with hydrogen peroxide was used for color development. virus nucleoprotein specific mRNA levels in these regions are significantly higher in mice 186 exhibiting neurological signs of rabies than in healthy mice despite the fact that several of the 187 latter are expected to eventually develop clinical signs of infection and die ( Fig. 2A) . 188
However, neither the accumulation in the CNS tissues of mRNAs specific for immune cells, 189 CD4 and CD8 T-cells, and B-cells ( SHBRV-infected mice died of EAE or rabies. However, when MBP-immunization did not 210 cause lethal EAE, most of the immunized/infected mice also survived (Fig. 3B) . 211
To provide further insight into why MBP-immunization is therapeutic in SHBRV-212 infected mice, we next determined whether the increased survival of MBP-immunized, 213 SHRBV-infected animals is a consequence of the enhanced delivery of immune effectors to 214 CNS tissues and an elevated capacity to clear the virus. As shown in Fig. 4A , SHBRV-215 infected mice immunized with MBP develop significantly enhanced BBB permeability to Na-216 fluorescein than similarly infected mice that were not immunized. The production of 217 antibodies by invading B cells, as evidenced by κ-light chain specific mRNA levels, is also 218 elevated in the CNS tissues of the immunized/infected mice (Fig. 4B) and levels of SHBRV 219 nucleoprotein specific mRNA are reduced (Fig 4C) . 220
221
Inhibition of BBB permeability changes leads to death of SHBRV-infected PLSJL mice. 222
In our studies of SHBRV-infected 129/SvEv mice we concluded that the inability to open the 223 BBB is the critical defect leading to the death of the animals despite the development of a 224 strong antiviral immune response (23). We hypothesize that PLSJL mice survive the infection 225 because of an elevated capacity to enhance BBB permeability and deliver immune effectors to 226 the CNS due to the reduced production of regulatory steroid hormones. To confirm whether 227 this may be the case, SHBRV-infected PLSJL mice were treated with the steroid hormone 228 DHEA. DHEA treatment caused an increase in the death rate of SHBRV infected PLSJL mice 229 from 40 to 90 percent (Fig. 5A) . Elevations in BBB permeability were also significantly 230 reduced by DHEA (Fig 5B) . However, no major difference was observed in serum RV-231 specific IgG levels between DHEA and vehicle-treated mice (Fig. 5C) . us to speculate that the survival of PLSJL mice from a normally lethal dose of SHBRV may 312 be, at least in part, due to the reduced production of steroid hormones as a result of a blunted 313 HPA axis activity. DHEA is particularly interesting in this regard as it is one of the most 314 abundant hormones produced under HPA axis control (19) and is known to inhibit CNS 315 inflammation (10). Administration of DHEA to PLSJL mice, while having no effect on the 316 ability to produce RV-specific IgG , limited BBB permeability elevation and caused increased 317 mortality following SHBRV infection. These findings suggest that the higher levels of DHEA 318 expected in mice with normal HPA axis activity may contribute to increased SHBRV lethality 319 by reducing BBB permeability changes. 320
Our findings indicate that the delivery of immune effectors to the CNS can reverse the 321 outcome of an otherwise lethal RV infection even after the virus has reached the CNS. 322
Certainly the induction of autoimmune CNS inflammation to open the BBB and deliver RV-323 specific immune effectors to CNS tissues is not an appropriate therapy for humans. However, 324 the utilization of a mechanism to enhance BBB permeability that is unaffected by SHBRV 325 infection may be crucial to the rescue of an individual who has been diagnosed with rabies 326 based on the appearance of clinical signs. We expect that this may also apply to other CNS 327 diseases where the delivery of therapeutic agents across the BBB is necessary. 
